Abstract: Amyloid fibrils are fibrillar deposits of denatured proteins associated with amyloidosis and are formed by a nucleation and growth mechanism. We revisited an alternative and classical view of amyloid fibrillation: amyloid fibrils are crystal-like precipitates of denatured proteins formed above solubility upon breaking supersaturation. Various additives accelerate and then inhibit amyloid fibrillation in a concentration-dependent manner, suggesting that the combined effects of stabilizing and destabilizing forces affect fibrillation. Heparin, a glycosaminoglycan and anticoagulant, is an accelerator of fibrillation for various amyloidogenic proteins. By using b 2 -microglobulin, a protein responsible for dialysis-related amyloidosis, we herein examined the effects of various concentrations of heparin on fibrillation at pH 2. In contrast to previous studies that focused on accelerating effects, higher concentrations of heparin inhibited fibrillation, and this was accompanied by amorphous aggregation. The two-step effects of acceleration and inhibition were similar to those observed for various salts. The results indicate that the anion effects caused by sulfate groups are one of the dominant factors influencing heparin-dependent fibrillation, although the exact structures of fibrils and amorphous aggregates might differ between those formed by simple salts and matrix-forming heparin. We propose that a conformational phase diagram, accommodating crystal-like amyloid fibrils and glass-like amorphous aggregates, is important for understanding the effects of various additives.
Introduction
Protein aggregates are divided into two types; amyloid fibrils and amorphous aggregates. Amyloid fibrils have been implicated in the pathogenesis of various diseases (e.g., Alzheimer's disease, Parkinson's disease, and dialysis-related amyloidosis), which are collectively referred to as amyloidosis. [1] [2] [3] [4] Amorphous aggregates are also associated with diseases including cataracts. 5 Amyloid fibrils are composed of a cross-b structure that laminates b sheet structures with a peptide chain orthogonal to the fibril axis at an interval of 4.7 Å . 6 A nucleation and elongation model has been popular as the basic mechanism for amyloid fibrillation. The nucleation process with a high free energy barrier is a rate-limiting step in fibrillation; once nuclei form, fibrils rapidly elongate by binding monomers one after another to the growing ends of nuclei and then seeds. When preformed seeds, which are often fragmented fibrils produced by ultrasonication, were added to a monomer solution, elongation was shown to proceed rapidly by escaping from the nucleation phase. [7] [8] [9] [10] However, the relationship between amyloid fibrils and amorphous aggregates, which may include oligomers with cytotoxicity, has not yet been clarified. 11, 12 To elucidate the mechanisms underlying amyloid fibrillation as well as the relationship between amyloid fibrils and amorphous aggregates, we revisited supersaturation. 13 The supersaturation of a solution refers to a kinetic state in which the solution is trapped in an apparently soluble state, although the concentration of a solute is larger than thermodynamic solubility. 14 Crystals form with a break in supersaturation, and the concentration of solutes decreases to thermodynamic solubility. On the other hand, the precipitation of solutes under strong driving forces results in the formation of glass. 14 According to this analogy, amyloid fibrils and amorphous aggregates of denatured proteins correspond to crystals and glass, respectively. Similar to crystals and glass, solubility and supersaturation are two of the most important factors affecting the phase transition of denatured proteins. An important experiment to verify this hypothesis will involve an examination of the effects of additives on phase transition.
To obtain a clearer understanding of the mechanisms underlying amyloid fibrillation and to develop therapeutic strategies for amyloidosis, various types of accelerators and inhibitors of fibrillation have been examined. [15] [16] [17] [18] [19] [20] For example, the presence of salts (e.g., NaCl at approximately 0.2 M) was found to be essential for inducing the fibrillation of b 2 -microglobulin (b2m), a protein responsible for dialysis-related amyloidosis, 21 under acidic conditions. 15 b2m is a component of HLA class I, which widely exists in nucleated cell surfaces throughout the body. Although salt is essential for fibrillation, b2m forms amorphous aggregates at NaCl concentrations greater than 0.5 M. This salt concentration-dependent transition from soluble monomers to amyloid fibrils and then amorphous aggregates is similar to the precipitantdependent phase transition of solutes including native proteins. Amyloid fibrillation is also critically dependent on detergents such as sodium dodecyl sulfate, sodium octyl sulfate, and sodium decyl sulfate. 20, 22 At concentrations slightly less than CMC, these detergents were found to accelerate fibrillation, possibly through the effective condensation of b2m in detergent-protein mixtures. However, detergents at high concentrations inhibited fibrillation due to the solubilization of detergent micelles. Some phospholipid membranes consisting of DOPC or DOPE 19 have been shown to accelerate and inhibit fibrillation at low and high concentrations, respectively, which may be explained by effective condensation in protein-membrane mixtures and dilution in mixtures predominately comprising lipid components. These adverse effects of various additives have been explained based on a conformational phase diagram, in which additives modulate boundaries between monomers and crystal-like amyloid fibrils and between amyloid fibrils and amorphous aggregates or lipid-induced nonamyloidogenic states. 23 Due to its biological relevance, previous studies examined the effects of heparin on the amyloid fibrillation of various amyloidogenic proteins. 16, [24] [25] [26] [27] [28] [29] Heparin, a glycosaminoglycan, consists of a long chain unbranched polysaccharide of uronic acid with a large number of sulfate (sulfonate) groups [ Fig. 6(C) , inset]; each sulfate group of heparin has one negative charge in contrast to the two negative charges of free sulfate ions. Heparin is generated in the liver and is located on cell surfaces, on which it interacts with various extracellular matrix components due to its multiple negative charges. Previous studies reported the heparin-dependent acceleration of fibrillation. 24, 25, [27] [28] [29] [30] [31] Its protective effects against the depolymerization of preformed fibrils to produce cytotoxic oligomers have been demonstrated. 26, 32, 33 In addition, the interaction between heparin molecules and amyloid fibrils have been also reported. 34, 35 However, based on the adverse effects observed for various additives and the general phase diagram of the conformational transition of denatured proteins, 23 we speculated that heparin exerts inhibitory effects on fibrillation at high concentrations, potentially inducing glassy amorphous aggregates.
In the present study, we examined the effects of heparin at a wide range of concentrations on the amyloid fibrillation of b2m under acidic conditions. The results obtained showed that the effects of heparin may be explained by a phase diagram in which crystal-like amyloid fibrils and glassy amorphous aggregates compete. Highly negatively charged heparin interacts with positively charged b2m to initially form crystal-like amyloid fibrils and then glassy amorphous aggregates. Our results also suggest that various accelerators of amyloid fibrillation have potential as inhibitors at high concentrations.
Results

Effects of heparin under standard conditions of 0.1 M NaCl
Previous studies reported the dependency of amyloid fibrillation on the concentrations of various salts, 15, 23, [36] [37] [38] with the most effective concentration of NaCl for fibrillation at 0.3 mg/ml b2m under acidic conditions being 200 mM. In the present study, we performed fibrillation experiments in the presence of various concentrations of heparin under standard conditions at 0.1 M NaCl, 10 mM HCl, and 378C ( Fig. 1 ). In the absence of heparin, amyloid fibrillation occurred with a lag time of 0.7 h. Under certain conditions (e.g., at 0 and 20 lg/ml heparin), the kinetics of fibrillation showed a maximum in ThT fluorescence and subsequent decrease in intensity.
Since the decrease in ThT fluorescence after the maximum may have been due to the deformation of preformed fibrils, 39, 40 we plotted the maximal ThT value as a signal representing the total amount of fibrils. In the presence of 20 lg/ml heparin, although maximal ThT fluorescence increased, the lag time was (E) TEM images of fibrils and amorphous aggregates at 0, 20, and 1000 lg/ml heparin. Scale bars represent 500 nm. (F) CD spectra of b2m after ultrasonic irradiation at various heparin concentrations. (G) Seed-dependent fibrillation at 100 mM NaCl. Fibrils that formed under ultrasonication at 0, 20, and 1000 lg/ml heparin were used as seeds.
1.5 h, which was longer than that in the absence of heparin [ Fig. 1(A,B) ]. The lag time monotonically increased with an increase in heparin concentrations. At heparin concentrations of greater than 20 lg/ml, maximal ThT fluorescence also decreased with an increase in heparin concentrations. These results of the inhibitory effects of heparin were not consistent with previous findings showing heparin-dependent acceleration. 26 Solutions after the reaction were clearly turbid at high heparin concentrations and the increase in light scattering at 335 nm also indicated the formation of amorphous aggregates [ Fig. 1(D) ]. In the presence of heparin at concentrations greater than 20 lg/ml, light scattering at 335 nm increased even without ultrasonic irradiation, indicating that amorphous aggregation occurred rapidly without a lag time. 23 Moreover, light scattering before ultrasonication was slightly greater than its final value (see also Figs. 2-4), suggesting the transient formation of amorphous aggregates before amyloid fibrillation, as suggested by the competitive mechanism. 39 When the morphologies of aggregates were examined, TEM images showed the formation of long and rigid fibrils at 0 and 20 lg/ml heparin and the dominance of amorphous-like aggregates at 1 mg/ml heparin [ Fig. 1(E) ], confirming that heparin inhibited the fibrillation of b2m by forming amorphous aggregates. Although the CD spectra of aggregates at heparin concentrations less than 40 lg/ml were typical for b2m amyloid fibrils with a cross-b structure, spectra at heparin concentrations greater than 60 lg/ml showed a marked decrease in intensity at approximately 220 nm, indicating amorphous aggregation [ Fig. 1(F) ]. We performed seeding experiments at 100 mM NaCl with 5% (w/w) of preformed fibrils or aggregates as seeds. Fibrils that formed in the absence of heparin showed an efficient seeding ability with a rapid increase in ThT within the dead time. Although fibrils that formed at 20 lg/ml showed a similar seeding ability, those that formed at 1 mg/ml heparin showed no or a markedly weaker ability as seeds, indicating that amyloid fibrils did not form and, instead, seed-incompatible amorphous aggregates formed [ Fig. 1(G) ].
Effects of heparin under lower NaCl concentrations
We assumed that the acceleration or inhibition of fibrillation is influenced by the combined effects of chloride anions from NaCl and heparin and that the effects of 0.1 M NaCl were too strong to reveal the additional effects of heparin. Therefore, we performed fibrillation experiments in the presence of lower concentrations of NaCl. In the presence of 50 ( Fig. 2 ) or 25 mM (Fig. 3 ) NaCl, fibrillation was accelerated in the presence of low concentrations of heparin, whereas it was inhibited at high concentrations. The dependence of the maximum intensity of ThT fluorescence on heparin concentrations showed a bell shape with an optimal concentration of heparin-dependent fibrillation [ Fig. 2 (B) and 3(B)]. TEM images showed the presence and absence of fibrils at low and high concentrations of heparin, respectively [ Fig. 2 (E) and 3(E)], which were consistent with changes in CD spectra [ Fig. 2 (F) and 3(F)]. At high concentrations of heparin, we detected amorphous aggregates and these aggregates showed less or no seeding abilities at 100 mM NaCl [ Fig. 2 (G) and 3(G)].
We performed fibrillation experiments in the absence of NaCl to identify the intrinsic effects of heparin (Fig. 4) . Fibrillation occurred upon the addition of low concentrations of heparin, even in the absence of NaCl. An optimal concentration of heparin was 50 lg/mL, which was lower than that in the presence of 50 (Fig. 2) or 25 mM (Fig. 3 ) NaCl. TEM images, CD spectra, and seeding experiments showed the formation of fibrils at 10-100 lg/mL heparin, as observed in the presence of NaCl [ Fig.  4 (E-G)]. On the other hand, 1000 lg/mL heparin produced amorphous aggregates, which did not show seeding potential.
In contrast to most previous studies showing only the effects of heparin as a promoter of fibrillation, our results demonstrated that heparin also inhibited the fibrillation of b2m at high heparin concentrations and this inhibition was caused by the formation of amorphous aggregates. The observed accelerating and inhibitory effects of heparin were similar to those of salts (e.g., NaCl and Na 2 SO 4 ), suggesting that the negative charge of heparin derived from multiple sulfate groups determined the competition between fibrillation and amorphous aggregation.
To clarify the role of the sulfate groups of heparin, we investigated the dependence of fibrillation on the concentration of Na 2 SO 4 ( Fig. 5) . Although each sulfate group on heparin has one negative charge, the net charge of sulfate ions at pH 2.0 is 21.5 because the second pKa of sulfate ions is pH 2.0. Similar experiments with seeds were performed by Raman et al. 15 The fibrillation of b2m was promoted with an increase in the concentration of Na 2 SO 4 . However, with an optimum at approximately 10 mM, the reaction became slower and was accompanied by a decrease in final ThT intensity These similarities between the effects of heparin and Na 2 SO 4 confirmed that the effects of heparin on b2m fibrillation may be attributed to the anion effects of sulfate groups. At low concentrations of heparin (i.e., low concentration of sulfate groups) under acidic pH conditions, b2m molecules were soluble because of electrostatic repulsion between positively charged groups. In the presence of heparin at concentrations less than 10 lg/ml, the binding of sulfate groups to the positive charge of b2m sealed charge repulsion, thereby promoting the intermolecular interactions leading to fibrillation. At high concentrations greater than (E) TEM images of fibrils and amorphous aggregates at 0, 100, and 1000 lg/ml heparin. Scale bars represent 500 nm. (F) CD spectra of b2m after ultrasonic irradiation at various heparin concentrations. (G) Seed-dependent fibrillation at 100 mM NaCl. Fibrils that formed under ultrasonication at 0, 100, and 1000 lg/ml heparin were used as seeds.
100 lg/ml, excessively strong intermolecular interactions resulted in nonspecific interactions among b2m molecules, leading to amorphous aggregation.
However, heparin appeared to exhibit a narrower range of acceleration (10-100 lg/mL) and wider range of amorphous aggregation (greater than 0.1 mg/ml) (E) TEM images of fibrils and amorphous aggregates at 0, 100, and 1000 lg/ml heparin. Scale bars represent 500 nm. (F) CD spectra of b2m after ultrasonic irradiation at various heparin concentrations. (G) Seeddependent fibrillation at 100 mM NaCl. Fibrils that formed under ultrasonication at 0, 50, and 1000 lg/ml heparin were used as seeds.
than the concentration ranges of Na 2 SO 4 (1-30 mM) for accelerating fibrillation. The results suggested that a heparin polymer with multiple negative charges had additional effects to form heparin-protein matrix in particular under the conditions of amorphous aggregation (see Discussion). (E) TEM images of monomers, fibrils, and amorphous aggregates at 0, 50, and 1000 lg/ml heparin. Scale bars represent 500 nm. (F) CD spectra of b2m after ultrasonic irradiation at various heparin concentrations. (G) Seed-dependent fibrillation at 100 mM NaCl. Fibrils that formed under ultrasonication at 0, 50, and 1000 lg/ml heparin were used as seeds.
Discussion
Similarities in salt effects on molten globule formation and amyloid fibrillation
In the 1990s, the effects of various salts on the conformation of acid-denatured proteins were examined in an attempt to clarify the mechanisms underlying protein folding. [41] [42] [43] Acid-denatured proteins in the absence of salts are more likely to assume a fully unfolded conformation because of charge repulsion between positively charged groups. The addition of salts shields charge repulsion and proteins refold into a molten globule conformation, a compact intermediate state with native-like secondary structures, but without the tight packing of side chains. Various salts or acids exhibit distinct effectiveness depending on anion species. Three mechanisms were suggested to be responsible for salt effects: the Debye-H€ uckel screening effect, which is proportional to the square root of ionic strength and is independent of salt species, the Hofmeister effect, in which water structure-making kosmotropic ions (e.g., fluoride or sulfate) exhibit stronger effects than water structure-breaking chaotropic ions (e.g., iodide or bromide), and the anion-binding effect, which follows the electroselectivity series representing the affinities of anions to positively charged groups. A series of experiments performed with acid-denatured b-lactamase, cytochrome c, and apomyoglobin clearly showed that anion binding to positively charged proteins is responsible for the salt-dependent stabilization of molten globule states. [41] [42] [43] They also demonstrated that anion binding plays important roles in the conformational transition of positively charged model peptides at neutral pH, [44] [45] [46] including melittin, a honey bee venom. Although a focus was not placed on the salt-induced aggregation of aciddenatured proteins or model peptides in those studies, it was clear that various salts stabilizing the molten globule states appeared to be causing aggregation at higher concentrations.
When the effects of salts on amyloid fibrillation were examined, several studies indicated the importance of anion binding and coupled conformational transition to trigger fibrillation. 15, 47, 48 Raman et al. 15 examined the effects of various salts on the fibrillation of b2m under acidic conditions. They showed that the effects of various anions followed electroselectivity series, suggesting that the anioninduced stabilization of the compact intermediate states precedes the formation of amyloid fibrils. Importantly, at high concentrations of salts, fibrillation was inhibited because amorphous aggregation dominated. Competition between the two opposing effects on fibrillation, namely, acceleration followed by inhibition, resulted in optimal fibrillation. In the present study, we showed that the effects of heparin were largely attributed to the same mechanism described above for salt-dependent amyloid fibrillation. The estimated concentration of sulfate groups at 37 lg/mL heparin, an optimal concentration for the acceleration of b2m fibrillation in the absence of NaCl, was calculated to be 0.14-0.24 mM, assuming a molecular weight of 790-1100 and 3-7 sulfate groups within each oligosaccharide repeating unit [ Fig. 6(C), inset] . 48 This molar concentration was similar to the optimal concentration of Na 2 SO 4 (i.e., 7 mM), but was still lower than that of Na 2 SO 4 , suggesting that heparin has additional effects on fibrillation because of its multivalence, as described below. Because heparin is a polymer with multiple negative charges, the aggregates observed in the presence of b2m may not be identical to the salt-induced aggregates. In particular, under the conditions of amorphous aggregation, the charge shielding of heparin by b2m could cause a polymer entanglement. Thus, heparin polymers themselves could contribute significantly to form b2m aggregation. This may explain the expansion of the region of amorphous aggregation in the phase diagram in comparison with those of simple salts (see below). On the other hand, in the heparin-dependent acceleration of fibrillation, once nucleation happened, elongation proceeds recruiting monomeric b2m molecules from bulk solution. Thus, it is likely that heparin-induced fibrils are similar to those induced by simple salts. Taken together, although the exact structures of amyloid fibrils and amorphous aggregates might be different between those produced by simple salts and heparin, we consider that the two-step effects of acceleration and inhibition are explained by the same mechanism in which the anion effects play a major role.
Conformational phase diagram based on competition between amyloids and amorphous aggregates
To illustrate heparin-dependent amyloid fibrillation and amorphous aggregation, we constructed a phase diagram of conformational states dependent on the concentrations of heparin and NaCl (Fig. 6) . A similar phase diagram was reported by Yoshimura et al., 23 in which b2m and NaCl concentrations were the variables. The present phase diagram dependent on the concentrations of heparin and NaCl argues that the effects of heparin on b2m fibrillation are similar to those of NaCl and that the sum of the effects of two types of anions influences the dominant species that accumulates under specified conditions [ Fig. 6(C,D) ]. However, it is also important to recognize differences in the mechanisms of aggregation dependent on salts and heparin. Since electrostatic attraction between positively and negatively charged particles is proportional to the product of the net charges of two particles, the effectiveness of heparin as a salt to induce fibrils (see also Watson et al. 49 ) followed by amorphous aggregation would be explained by its multivalence. Linear heparin molecules have multiple negatively charged sites; therefore, interactions with aciddenatured proteins with multiple positively charged sites may result in the formation of a large proteinheparin matrix in particular under conditions of amorphous aggregation. Thus, the structure and morphology of heparin-induced amorphous aggregates, in which heparin polymers play dominant roles for matrix formation, might be notably different from simple salt-induced amorphous aggregation. The heparin-protein matrix formation further explains the extended region of amorphous aggregation in the phase diagram [ Fig. 6(C,D) ].
The similar heparin-dependent matrix formation of proteins could occur at low concentrations of heparin, where heparin-dependent accelerated fibrillation was observed. Under conditions in which one heparin molecule interacts with multiple target proteins, an increase in the local concentration of the target proteins occurs, resulting the formation of a relatively small matrix of heparin-proteins complexes. On a surface of matrix, the encounter frequency between proteins increases and the effective protein concentration exceeds the solubility limit. The local condensation of proteins above solubility induces nucleation, and, thus, initiates fibrillation. As described above, because the fibril elongation recruits monomers from bulk solution, the structure and morphology of fibrils are likely to be similar between those induced by simple salts and heparin.
Although we used ultrasonication to accelerate fibrillation in the present study, the basic mechanism underlying heparin-dependent acceleration will be independent of the methodology of acceleration. The generation of an air-liquid interface by various agitations including stirring or ultrasonication induces high local concentrations of target proteins at the surface of the interface and is considered to be responsible for the acceleration of fibrillation. 50, 51 Our approach of ultrasonication is highly effective for generating air-liquid interactions by cavitation, which appears and disappears periodically, further increasing protein concentrations with elevations in temperature. 51 Lipid membranes including vesicles and lipid bilayers bind to various amyloidogenic proteins or peptides and accelerate fibrillation both in vivo and in vitro. 19, [52] [53] [54] [55] [56] Irrespective of the methodologies and experimental conditions employed, acceleration based on the anion effects of heparin are likely to occur, in which the positively charged regions of proteins are targets of interactions even when the protein's net charge is not positive. Further increases in heparin concentrations resulted in the formation of amorphous aggregates. Under these conditions, nucleus-competent heparinprotein complexes formed at various locations in solution and interacted with each other, producing a large network of amorphous aggregation. The multivalency and polymer property of heparin further produced a wider area of amorphous aggregation in the phase diagram than other monovalent and divalent salts. This result is similar to the formation of antigen-antibody complexes at an adequate ratio of antigens and antibodies. 29 If the concentration of heparin continues to increase, a soluble phase is expected to appear again, with the dominance of charge repulsion between heparin molecules and decrease in the local concentration of proteins, thus preventing aggregation. In other words, at significantly high concentrations of heparin, the local concentration of proteins at the surface may decrease and proteins may dissolve. 29, 57, 58 We observed a decrease in the extent of aggregation at a high concentration of heparin (100 mg/mL), as monitored by light scattering [ Fig. 3(D) and 4(D) ].
Although an increase in the local concentration of amyloidogenic proteins in the protein-ligand complex is an important step for triggering amyloid fibrillation in various systems, the second stage of inhibition by the same compounds may depend on distinct mechanisms. The mechanism discussed here, including heparin, NaCl, and Na 2 SO 4 , used amorphous aggregation. It is noted that heparin facilitated amorphous aggregation by utilizing both matrix formed heparin polymers and sticky protein molecules. On the other hand, GdnHCl and detergent micelles (e.g., SDS) at high concentrations stabilize the denaturant-induced unfolded state or protein-micelle complex, inhibiting amyloid fibrillation. Optimal fibrillation and subsequent inhibition were also observed for various amyloidogenic proteins (e.g., amyloid b or a-synuclein) dependent on the membranes, in which initial acceleration and subsequent inhibition are caused by the membrane-assisted condensation of amyloidogenic proteins to break supersaturation and the membrane-assisted dilution of bound proteins, respectively.
Conclusions
We investigated the effects of heparin on the amyloid fibrillation of b2m at acidic pH and various heparin concentrations. Heparin, an effective anion of multivalence, modulated amyloid fibrillation by a competing mechanism of amyloid fibrillation and amorphous aggregation. 39 Various compounds and environmental factors such as SDS or phospholipid membranes, which increase the local concentration of target amyloidogenic proteins upon interactions, may trigger amyloid fibrillation by breaking supersaturation. However, excessively strong driving forces for the nucleation of fibrillation at high concentrations of heparin may promote the formation of glass-like amorphous aggregates, which occurs without a lag phase. 23 Heparin extended the region of amorphous aggregation by its polymer properties forming heparin-protein matrix. In the presence of excess concentrations of a detergent, such as SDS, greater than CMC, proteins are solubilized by forming stable mixed micelles composed of proteins and detergents. Therefore, heparin at high concentrations may solubilize target proteins similar to that observed in the presence of an excess amount of antibodies.
The heparin concentration-dependent acceleration and inhibition of amyloid fibrillation was illustrated by the conformational phase diagram, similar to the crystallization of solutes [ Fig. 6(B) ]. The phase diagram also suggests that various compounds known as accelerators or inhibitors are interpreted in terms of modulators of the conformational phase diagram. In addition to understanding the structures of amyloid fibrils, their precursors, and off-pathway products, the mechanism of amyloid fibrillation may be understood in terms of supersaturation-limited and unlimited phase transitions and their phase diagrams. To validate this mechanism, further studies with various proteins and additives will be important. This view, which is complementary to structural studies on amyloid fibrils, will advance our understanding of the mechanisms underlying amyloid fibrillation and, moreover, develop therapeutic strategies for amyloidosis.
Materials and Methods
Materials
The recombinant human b2m protein with an additional methionine residue at the N terminus was expressed in E. coli BL21 and purified as previously reported. 59 The concentration of b2m was assessed by measuring absorbance using a molar extinction coefficient of 19 300 M 21 cm 21 at 280 nm. Heparin with molecular weights ranging from 5000 to 20,000 was purchased from Nacalai Tesque (Kyoto, Japan).
Amyloid fibrillation
Lyophilized b2m was dissolved in 10 mM HCl at 0.3 mg/ mL containing 0, 25, 50, or 100 mM NaCl and 5 lM ThT, and 0.2-mL samples were added to the wells of a 96-well microplate (675076, Greiner Bio-one Co., Ltd., Frickenhausen, Germany). The microplate was set on a water bath-type ultrasonicator (ELESTEIN SP070-PG-M, Elekon Science Co., Ltd., Chiba, Japan) on which the plate received maximal ultrasonication. Ultrasonic pulses were applied to the microplate at 378C from three directions for cycles of 1 min, followed by a quiescent period for 5 min. The frequency and power of the ultrasonic pulses were set to approximately 19 kHz and 700 W, respectively. Amyloid fibrils were detected using ThT fluorescence with a microplate reader (MTP-810, Corona Electric Co., Ltd., Tokyo, Japan) with excitation and emission wavelengths of 445 and 485 nm, respectively. A multiple data collection mode with 9 data points was employed. In seeding experiments, seed fibrils (5% (v/v)) that formed under ultrasonic conditions were added to monomeric b2m solutions at a concentration of 0.3 mg/ mL containing 5 lM ThT. Fibrillation was measured using a microplate reader at 378C without agitation.
Transmission electron microscopy (TEM)
A sample solution (5 lL) was spotted onto a collodioncoated copper grid (Nisshin EM Co., Tokyo, Japan).
After 1 min, the remaining solution was removed with filter paper and 5 lL of 2% (w/v) ammonium molybdate was spotted onto collodion-coated copper grids. After 1 min, the remaining solution was removed in the same manner. TEM (Hitachi H-7650, Tokyo, Japan) images were obtained at 208C with a voltage of 80 kV and magnification of x15000.
Circular dichroism (CD) measurements b2m solutions were diluted to 0.1 mg/mL and far-UV CD spectra (200-250 nm) were obtained with a Jasco J-720 spectropolarimeter (Jasco Co., Ltd., Tokyo, Japan) using a quartz cell with a 1-mm path length at 378C. CD data were expressed by the mean residue ellipticity.
Light scattering measurements
The amounts of aggregates were detected by light scattering with the Hitachi fluorescence spectrometer F4500 (Hitachi, Tokyo, Japan). Excitation and emission wavelengths were both 335 nm.
